The initial series of experiments to test the first-cycle fuel reprocessing flowsheet ( Fig. 1) , as proposed by the General Atomic
Company for the Hot Engineering Test Facility, was completed using irradiated fuel. The experiments were designed to test the solvent extraction conditions listed in Table 1 for the extraction (lA), partition (IBX), partition-scrub (IBS), and strip operations (IC). The process utilizes "pulse" columns for contacting the aqueous and organic streams.
Each column contains an internal assembly of perforated metal plates spaced along its length. The plates form stages that mix the aqueous and organic solutions as they flow countercurrent through the column.
*Chemical Technology Division. The quantity of irradiated fuel available for this initial series of tests was limited, constraining the scale of these experiments. Therefore, each experiment was designed for batch extractions performed in sequential stages. These batch extractions do not correspond to stages in a column. However, the resulting concentrations provide distribution data in the general concentration ranges expected in the process equipment. The distribution data were used to locate the equilibrium line in a McCabe-Thiele column analysis.
The tests were performed in the laboratory with standardized, synthetic solutions containing nonradioactive ("cold") constituents and also in the hot cell using a feed prepared by dissolving irra- The SEPHIS-M0D4 always calculates good material balances, but one
is not yet sure that the distribution relationships are sufficiently general for unquestioning use of the code. (One goal for these hotcell studies is the verification of the SEPHIS-M0D4 THOREX code by obtaining good agreement between calculation and experiment.)
The SEPHIS-M0D4 was used to set up the conditions for our first tests of the "hot" extraction system, and after the tests, to model the actual behavior. Comparisons of experimental results with SEPHIS-M0D4 predictions are also made throughout this report. Where calculations from the SEPHIS-M0D4 program are compared with experimental results, the calculations are for batch operations using the analytically determined concentrations for the various feed solutions.
The discussion in this report will generally be limited to the behavior of thorium and nitric acid, because problems with the analysis of uranium at the time these tests were made largely precluded interpretation of the uranium results. Since these experiments were completed, improvements have been made in the analysis for uranium.
However, continued development of new or improved analytical procedures is desirable for highly radioactive solutions.
We have sought to maximize the amount of information one can obtain from this work by using the SEPHIS-M0D4 program to assist in the interpretation of the data. The test data are divided into three sets: (1) where the flowsheet parameters appear to be correctly specified, (2) where the flowsheet parameters appear to be Incorrectly specified, and (3) where the test results are inconclusive due to experimental or analytical uncertainties. These sets are discussed in Sect. 6.
EQUIPMENT
Two sets of extraction equipment were employed in the experiments to provide duplicate results for each contact. Cylindrical 250-ml glass separatory funnels were used for the extractions. Perforated shaft stirrers attached to synchronized, controlled speed motors were used to mix the solutions. Scouting trials indicated that a 2-min extraction time with a motor speed of 2000 rpm provided satisfactory contact with this equipment.
Followlng the cold laboratory tests, the assemblies were dismantled, placed in the hot cell, and reassembled for the tests with radioactive solutions.
SOLUTIONS
A synthetic feed solution was prepared for the cold tests to simulate a solution of dissolved, radioactive, HTGR fuel. Depleted uranyl nitrate and thorium nitrate were used to provide the heavy-metal concentrations.
TWenty-nine nonradioactive nuclides of the elements predicted by the ORNL Isotope Generation and Depletion Code (ORIGEN, a computer program used for predicting quantities of activation products, actinides, and 4 fission products from irradiation data and nuclear data libraries) were included in the solution. The analytical results are listed in Table 2 along with the criteria established by the flowsheet. The uranium and thorium concentrations were analyzed to be within 2 and 5%, respectively.
The acid concentration was considerably higher than the criterion specified 3 3 (i.e., 2.8 kmol/m vs 1.0 kmol/m ). However, since batch extractions were used in the experiments, the acid concentration was adjusted for each use by regulating the amount of HNO" added to represent the scrub or strip solutions. In true countercurrent operation, the nitric acid will reflux in the extraction part of the column, but this was not simulated in these experiments.
The solvent was prepared from virgin tributylphosphate (TBP) and virgin normal paraffinic hydrocarbon (NPH). Samples of the solution 3 were analyzed and reported to be 31.4% TBP/NPH, <0.01 kmol/m HNO_ a.
3 3 < mmol/m dibutylphosphate, with a density of 823.5 kg/m .
A quantity of irradiated fuel was crushed, burned, and dissolved by C. L. Fitzgerald as a part of the head-end study in the HTGR fuel reprocessing program. The solution was evaporated to remove the bulk of the nitric acid. It was then diluted to adjust the remaining components, especially the heavy metals, to flowsheet specification.
EXPERIMENTAL
The four major flowsheet conditions were studied -extraction, partition, partition-scrub, and strip operation. Each condition was tested with the simulated feed solution and the radioactive feed solution. -8-
Extraction Column
The extraction operation (the lA column) is designed to transfer the uranium and thorium into the organic phase while leaving the fission products In the aqueous phase. The experiment was made with consecutive, crosscurrent batch extractions using a ratio of one volume of adjusted feed solution to contact approximately 3.5 volumes of 30% TBP in an NPH diluent. The coextraction of thorium and uranium was studied in experiment 12 with synthetic feed and again in experiment 13 using radioactive feed.
A schematic diagram representing experiment 12 is shown in Fig.   2 . Following each contact, the phases were separated, and small samples in duplicate were removed from each solution (as 1AP-1,1A, 1AW-1,1A, etc.). The remaining aqueous volume was contacted with a constant volume of fresh 30% TBP/NPH solution (lAX) and a concentrated acid solution (lAA) in each of the eight successive extractions. As a result, the organlc-to-aqueous ratio progressively increased throughout the experiment.
It should be noted that the lAA additions do not exactly correspond to the lAA stream in Fig. 1 . With an actual column the lAA stream is used primarily to acidify the incoming organic stream. With these batch extractions multiple portions of lAA must be used since the aqueous solution is being contacted with a fresh organic solution rather than an acidified organic solution. Without the multiple additions of lAA, the acid in the aqueous phase would be quickly depleted by the contacts with the organic phase. (The procedure was modified in experiment 13 to hold the organic-to-aqueous phase ratio constant by using a volume of solvent in each extraction that was proportional to the remaining volume of aqueous solution.)
The material balances for experiment 12 based on the chemical analyses for nitric acid, uranium, and thorium are shown in Table 3 .
The acid recovery ranged from 102% in stage 5 to 133% in stage 1. The average was 109%. The thorium recovery was between 75 and 229%, with an average of 137%. (Table 5 ). The higher experimental values for uranium and thorium in the first few stages are probably the result of the higher acid concentrations. It should be noted that the SEPHIS-M0D4 program calculates ideal mass balances.
A schematic diagram representing experiment 13 is shown in Fig.   3 . The acidity of the dissolved radioactive fuel was adjusted to that of the lAF/lAS combined stream by adding dilute nitric acid.
The experiment was conducted in ten sequential extraction stages.
Each stage consisted of duplicate extractions to provide a check on the experimental performance. After mixing, the solutions were allowed to stand undisturbed to achieve phase separation. In each of the first five extractions, the aqueous layer was drained from the extraction vessel along with 1 to 3 ml of the organic layer to ensure maxlumum recovery of the aqueous phase for subsequent tests. This resulted in an undesirable back-mixing effect. In the sixth and subsequent stages, an Improved operating technique achieved aqueous-phase removal without significant organic back-mixing. The aqueous raffinates It is important to note that in true countercurrent operation, the nitric acid will reflux in the extraction section of the column.
This reflux was not properly simulated in the experiments. In practice, the resulting higher acidity should make the extraction of thorium even more favorable. Another test with irradiated fuel and higher acidities should be made to simulate this acid reflux and to test the behavior of the uranium In the irradiated system. Fig. 3 ).
Partition Column
The partitioning of the thorium and uranium in the IBX column was also simulated with both cold and hot experiments. The partition column was designed to transfer the thorium from the organic to the aqueous phase with minimal uranium stripping. Its effectiveness was tested with both a cold synthetic solution and a solution containing radioactive components. For the cold test, experiment 4, a volume of 30% TBP-NPH solution, was impregnated with uranyl nitrate and thorium nitrate to simulate the IBXF stream (Table 1 ). This solution was used in the partitioning experiment two days later. In the hot test, experiment 14, the first lAP solution removed from experiment 13 ( The results from both of the experiments Indicate that the thorium should strip easily into the aqueous phase (IBXT), achieving 99.9% recovery in about four stages. However, the experiment should be repeated to verify that the acid concentration used is correct. The higher acidity in a new test should result in less effective stripping of uranium and thorium than was found in these experiments.
Partition-Scrub Column
The purpose of the partition-scrub operation (the IBS column) is to reextract the uranium from the aqueous thorium product stream without extracting significant amounts of the thorium. With the cold experiment, the calculated and analytical results for thorium compared favorably with each other (Table 9 ). In the hot experiment, similar comparisons (Table 10) were seen, except that all but the first value for thorium found in the aqueous phase were a factor of 4 too low, compared with both SEPHIS-M0D4 and the cold experiment. This suggests these low values are the result of some analytical problem. The aqueous acidity in the hot run appeared to be higher than specified, but still within reason. There was good agreement between the uranium measurements and the SEPHIS-M0D4 predictions.
The McCabe-Thiele plot for the behavior of the uranium is shown in Fig. 8 . In spite of the slightly higher acidity, it is apparent that the reextraction of the uranium into the organic phase (IBSU) will require a large number of stages under these conditions. The experiment with hot feed should be repeated to confirm this result.
Strip Column
A uranium stripping operation (the IC column) is necessary for the transfer of the uranium from the organic phase into the final aqueous phase. In this flowsheet the loaded organic was contacted with six successive portions of 0.01 kmol/m HNO3. This should have rapidly stripped the uranium and the nitric acid from the organic, resulting in 0.01 kmol/m-^ HNO3 in the final aqueous solution.
In both the cold (Table 11 ) and the hot (Table 12) 
Fission Product Distribution
The distribution of measurable fission products was studied as an adjunct to the foregoing flowsheet tests. The fuel used in these experiments was of the Fort St. Vrain HTGR type and was irradiated In the Peach Bottom Reactor for 512 effective full-power days (EFPD) over the period Jan. 7, 1972 to Oct. 31, 1974 . The radioactivity measurements and ORIGEN nuclide values were corrected for decay to Oct. 1,
1977.
The primary purpose for the first test was to get U, Th, and HNO3 data and develop the experimental procedures. The sequential tests followed each other by a period of a week or so, and the solvent damage may have been appreciable. This would prevent one from obtaining very high decontamination factors in these tests. In future tests, the emphasis will shift to the fission product behavior, and the contact times will be shortened. Since analyzing the samples for the uranium, thorium and acid concentrations provided the primary means for evaluating the flowsheet parameters; only small portions of the samples, if any, were available for plutonium and radiochemical analyses. A sample aliquot was first gamma-scanned. It was then analyzed for plutonium and those radionuclides present in a concentration sufficiently above background to be measurable within the analytical method's range of reliability.
The accountability and distribution of plutonium in the hot experiments are listed in Table 13 . Generally, the plutonium accountability is good, ranging from 96% in the partition column experiment to ^827o in the partition-scrub column experiment. Accountability for the strip column could not be calculated because the feed solution was not analyzed for plutonium. The plutonium distribution between the phases is readily apparent when viewed graphically in Fig. 9 . The behavior of the plutonium during the tests was similar to the uranium and thorium behavior.
The distribution of the heavy metals and radionuclides in experiment 13, the extraction column test, is shown in Fig. 10 . The decontamination factors obtained in the experiments were poor, averaging '^'10 overall. Iodine-129 was the only fission product divided about equally between phases. Although some of the fission product radionuclides, such as lO^Ry aj^jj 154EU, extracted into the 30% TBP/NPH, greater than 99% of the others remained with the aqueous phase. Figure 11 shows the radionuclide distribution in the partition column test. The column was designed to cause the thorium to transfer into the aqueous phase and leave the uranium in the solvent. Most of the ^^"Ru and 129j remained in the organic phase, while the other fission products followed the thorium into the aqueous phase.
The partition-scrub column was designed for reextracting the uranium into the solvent with minimal carryover of thorium. This is illustrated In Fig. 12 , although the percentage of unextracted uranium is higher than desired. Iodine-129 is the only fission product showing appreciable ('^25%) reextractlon.
Most of the samples representing the strip column experiment were consumed in the analysis for uranium, thorium, and acid. Iodine-129 was measured in both phases, with 82% found remaining in the organic layer. Strontlum-90 was the other fission product measured in both phases, with 99% stripped into the dilute nitric acid solution. This is due primary to the nature of crosscurrent batch testing,
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